To investigate long-term CO 2 behavior in geological formations and quantification of possible CO 2 leaks, it is crucial to investigate the potential mobility of CO 2 dissolved in brines over a wide range of spatial and temporal scales and density distributions in geological media. In this work, the mass transfer of aqueous CO 2 in brines has been investigated by means of a chemical potential gradient model based on non-equilibrium thermodynamics in which the statistical associating fluid theory equation of state was used to calculate the fugacity coefficient of CO 2 in brine. The investigation shows that the interfacial concentration of aqueous CO 2 and the corresponding density both increase with increasing pressure and decreasing temperature; the effective diffusion coefficients decrease initially and then increase with increasing pressure; and the density of the CO 2 -disolved brines increases with decreasing CO 2 pressure in the CO 2 dissolution process. The aqueous CO 2 concentration profiles obtained by the chemical potential gradient model are considerably different from those obtained by the concentration gradient model, which shows the importance of considering non-ideality, especially when the pressure is high.
Introduction
CO 2 geological storage is a promising means to mitigate CO 2 emission [1] [2] [3] [4] [5] and storage in deep saline aquifers appears to hold the largest potential capacity [4, [6] [7] [8] . The sequestration capacity, long-term CO 2 behavior in receptor formations, and the quantification of possible CO 2 leaks are the main concerns [2, 4, 9, 10] , and there remains a need to study the potential mobility of CO 2 dissolved in brines over a wide range of spatial and temporal scales [4, 9, 11] , the CO 2 concentration distribution in saline aquifers, as well as the density distribution in geological media [8] . This highlights the significance of research on CO 2 dissolution and the mass transfer of CO 2 dissolved in brines.
Numerous investigations of the mass transfer of CO 2 in high-pressure water or brines have been pursued in order to further simulate the geological and ocean CO 2 disposal processes [8, [12] [13] [14] [15] [16] [17] [18] [19] . It has been shown that the dissolution of CO 2 in brines increases the density, and then induces density-driven natural convection [8, 12, [16] [17] [18] , and the density-driven natural convection then significantly accelerates the diffusion of CO 2 in the brine [8, [16] [17] [18] . Yang and Gu [8] investigated experimentally the dissolution of CO 2 in brine at elevated pressures and described the mass transfer of CO 2 in brine using a modified diffusion equation with an effective diffusion coefficient. The effective diffusion coefficients obtained were two orders of magnitude larger than the molecular diffusivity of CO 2 in water [8] , which indicates that the density-driven natural convection greatly accelerates the mass transfer of CO 2 in brines.
In a theoretical study, Fick's second law was used to describe the mass transfer of CO 2 in brines under geological conditions, and the concentration gradient was used empirically as the driving force [8] . However, it is well known that the driving force should be the chemical potential gradient, and for an ideal diluted homogeneous solution with one component, the chemical potential gradient can be simplified to be the concentration gradient [20] . In practice, the investigated system is generally a mixture, and sometimes, the pressures may be up to several hundred bar. In this case, chemical potential gradient should be used as the driving force. Our previous work based on non-equilibrium thermodynamics [21] [22] [23] also reveals that it is necessary to consider the non-ideality of such complex systems.
In this paper, the mass transfer of CO 2 in brines is investigated by means of a chemical potential gradient model based on non-equilibrium thermodynamics in which SAFT1-RPM EoS [24] is used to calculate the fugacity coefficient of aqueous CO 2 in brines and the solution densities. The results obtained in this work are compared with those from the concentration gradient model to illustrate the importance of combining the thermodynamic model with a mass transfer model.
Thermodynamic model
In our previous review article [25] , it was shown that the molecular-based statistical associating fluid theory (SAFT) equation of state (EoS) is a promising model for complicated systems at high pressures. The phase equilibria and densities in the CO 2 -H 2 O and CO 2 -H 2 O-NaCl systems have been investigated using SAFT1-RPM EoS in our previous work [24] . Since the main component of brine is NaCl [8] , in this work, the thermodynamic properties and phase equilibria of the CO 2 -brine system were assumed to be those of the CO 2 -H 2 O-NaCl system, and SAFT1-RPM EoS was used to calculate the corresponding phase equilibrium, the fugacity coefficient of aqueous CO 2 in brine, and the densities of CO 2 -brine systems.
In SAFT1-RPM EoS [24] , the dimensionless residual Helmholtz energy is defined as
where the superscripts refer to terms of the residual, segment, association, chain, and ionic interactions, respectively. For non-electrolytes, the ionic contribution is set equal to zero. The segment, chain, and ion terms have been described in detail elsewhere [26] [27] [28] [29] . Any other thermodynamic properties can be calculated from this residual Helmholtz energy. For example, the fugacity coefficient of component i can be derived as:
where Z is the compressibility factor and calculated using
For the CO 2 -H 2 O-NaCl system, the detailed modeling of each component and mixtures as well as the corresponding parameters have been described in our previous work [24] .
3 Mass transfer model with chemical potential gradient
Model description
In an ideal dilute homogeneous solution of one component, the flux J (mol m 2 s
1
) and the concentration changes for a non-charged substance in the x-direction are described by the first and second Fick's laws as shown in Eqs. (4) and (5) [20] :
where
) is the concentration, t (s) is the time, and x (m) is the distance.
In chemical systems other than ideal solutions or mixtures, the driving force of diffusion for each species is the chemical potential gradient. According to non-equilibrium thermodynamics, the flux J of a substance in the direction x expressed as changes of activity of the substance (a i ) by volume per area per time is proportional to the product of activity and chemical potential gradient [20] 
For a time-dependent transport process, assuming the diffusion coefficient D to be a constant at a certain temperature and pressure, combining Eq. (6), Eq. (7) which describes ∂a i /∂t can be derived [20] .
where a i and  i are the activity and chemical potential of
According to the definition of activity and chemical potential [30] , we have
where f i and The fugacity of component i is described as
At a certain temperature and pressure, both 0 i  and 0 i f are constants. Combining Eq. (7) with Eqs. (8) and (9), Eq. (11) can be derived.
where D is the diffusion coefficient of component i.
If we let
, at a constant pressure, we have
Diffusion coefficient
For the investigated process, the dissolution of CO 2 in brines increases the density and then induces the density-driven natural convection which accelerates the diffusion of CO 2 in brines [8, 12, [16] [17] [18] . It is necessary to consider both the convective molar flux and the molecular diffusion molar flux in order to model the mass-transfer process accurately. In order to investigate the magnitude of the effect of the density-driven natural convection on the CO 2 diffusion, and how important it is to adjust the non-ideality, in this paper, we used the method of Yang and Gu [8] with an effective diffusion coefficient D eff to account for the joint effect of both the molecular diffusion and the density-driven natural convection on the mass transfer of CO 2 in brines, which is valid for the early stages of the CO 2 dissolution process. The effective diffusion coefficient was obtained from an iterative calculation based on the experimental kinetic data of the CO 2 dissolution in brines taken from Yang and Gu [8] .
In the work of Yang and Gu [8] , the CO 2 dissolution process was performed in a PvT cell with a cross-sectional area A, and the CO 2 pressures P t at different time t were measured. The number of moles of dissolved CO 2 (n t ) can be determined from the gaseous pressure at time t and the initial experimental conditions. Based on mass balance, we have: ) is the contact area of gaseous CO 2 with brine which was assumed to be the cross-sectional area of the cell, and x (m) is the mass transfer distance.
In the work of Yang and Gu [8] , only the experimental kinetics data after 180 s were used to analyze the mass-transfer process of CO 2 in the brine. In this paper, we also took the kinetic data after 180 s.
Initial and boundary conditions
The initial condition is given by Eq. (14) 0 0
In Eq. (14), 0 i f  is the product of the molar fraction and fugacity coefficient for the saturated aqueous CO 2 at a certain temperature and pressure. H is the brine phase height in the work of Yang and Gu [8] which is equal to 0.0442 m.
It was assumed that the interface was instantaneously saturated with CO 2 , and the fugacity coefficients were calculated with SAFT1-RPM EoS [24] from temperature, pressure and the corresponding saturation concentration. For the bottom of the experimental PvT cell, the boundary condition is ( , ) 0 ( 0)
Numerical solution
The semi-infinite medium model was applied, and the analytical solution for Eq. In the calculation of the effective diffusion coefficient D eff and real diffusion distance real x , the direct iterative search method was used. In this method, we assumed that the range of D eff was from 1.0 × 10 -9 to 1.0 × 10 -6 m 2 s -1 , and both the initial value and step length of D eff were set to be 1.0 × 10 -9 m 2 s -1 . The range of real x was taken from 0 to limit x ( limit x was defined in the following text), and the initial value and step length of diffusion distance real x were set to be 0 and 1.0 × 10 -3 m, respectively. As shown in Figure 1 , to calculate both The densities of the CO 2 -dissolved brines were then calculated from the concentration profiles and the corresponding temperature and pressure.
Results and discussion

Equilibrium properties of the CO 2 -brine system
The equilibrium concentrations of CO 2 in NaCl solutions and the densities of CO 2 -saturated NaCl solutions at two temperatures and different pressures were calculated with SAFT1-RPM EoS and are shown in Figures 2 and 3 . The experimental results [8] of equilibrium concentration of CO 2 in brine and the density of CO 2 -saturated brine are also shown in Figures 2 and 3 as symbols. The calculated results N is the number of data points, x p is the property of density or CO 2 equilibrium concentration, and the subscripts "exp" and "cal" represent experimental and calculated results, respectively) in CO 2 equilibrium concentration is 6.72% and ARD in density is 0.22%. The comparison shown in Figures  2 and 3 and the corresponding ARDs imply that the thermodynamic properties and the phase equilibrium of the CO 2 -brine system can be assumed to be those of the CO 2 -H 2 O-NaCl system. Meanwhile, both the CO 2 equilibrium concentrations in brine and the densities of CO 2 -saturated brine increase with increasing pressure and decreasing temperature.
Interfacial thermodynamic properties
We assumed that the interface was instantaneously saturated with CO 2 . Based on the experimental conditions listed in Table 1 from Yang and Gu [8] , the interfacial thermodynamic properties of aqueous CO 2 concentrations,  i f of aqueous CO 2 , and the CO 2 -saturated brine densities were calculated with SAFT1-RPM EoS and shown in Figures 46.   Figure 4 The interfacial concentrations of the aqueous CO 2 in brines calculated in this work and those from Yang and Gu [8] . ○ Yang and Gu [8] ; ■ calculated in this work. 269.8
Figure 5
i i x  of the aqueous CO 2 in brines at the interface calculated with SAFT1-RPM.
Figure 6
The interfacial densities of CO 2 -saturated brine calculated with SAFT1-RPM.
As shown in Figure 4 , the interfacial concentration of aqueous CO 2 in brines increases with increasing pressure and decreasing temperature. For Tests 1, 4, 5 and 6, the concentrations of the aqueous CO 2 at the interface at different pressures calculated in this work are lower than those from Yang and Gu [8] while for Tests 2 and 3, with in-creasing pressure they are initially lower and then higher than those from Yang and Gu [8] . Figure 5 shows that the interfacial i f  of aqueous CO 2 decreases with increasing pressure and temperature. While the interfacial densities of CO 2 -saturated brines increase with increasing pressure and decreasing temperature, as shown in Figure 6 , the effect of pressure on density is very small ( < 0.1%).
Effective diffusion coefficient
The effective diffusion coefficients of aqueous CO 2 in brines obtained in this work are shown in Figure 7 . The obtained results were based on the assumptions that were taken from Yang and Gu [8] , i.e.
(1) After 180 s the pressure decay resulted entirely from the dissolution of CO 2 in the brine; (2) The interfacial concentration of aqueous CO 2 was the saturation value at the corresponding temperature and pressure; (3) The mass transfer area was the cross-sectional area A of the experimental cell.
The obtained effective diffusion coefficients were fitted to a polynomial as shown in Eq. (18) . The fitting curves are also shown in Figure 7 .
where P is the pressure in MPa, C 1 , C 2 and C 3 are fitted parameters and are listed in Table 2 .
As shown in Figure 7 , with increasing pressure the effective diffusion coefficients decrease initially and then increase. Tewes and Boury [32] studied the CO 2 diffusion coefficients in water at 313.15 K and at pressures between 3 to 8 MPa and obtained the same results, i.e. the CO 2 diffusion coefficients decrease initially and then increase with the increasing pressure [32] .
The results obtained by Yang and Gu [8] are also listed in Table 1 for comparison. The effective diffusion coefficients calculated in this work are the same order of magnitude as those from Yang and Gu [8] , i.e. nearly two orders of magnitude larger than the molecular diffusion coefficients of CO 2 in water [33, 34] , which proves again that the density-driven natural convection greatly accelerates the mass transfer of CO 2 into the brines.
From Figure 7 , it is obvious that the difference between our calculated values of the effective diffusion coefficient and the values from the fitting equation is the largest at a pressure of 4.69 MPa for (a) and 7.53 MPa for (b). To verify the effectiveness of the fitting results from Eq. (18), the concentration profiles of aqueous CO 2 with the calculated effective diffusion coefficient and that from Eq. (18) at pressures of 4.69 MPa and 7.53 MPa were investigated and compared. The comparison (see Figure 8) shows that the concentration profiles of the aqueous CO 2 with distance are very close to each other, which shows the effectiveness of Eq. (18).
Concentration profile with distance
The concentration profiles of aqueous CO 2 with distance were investigated using the chemical potential gradient model (option 1) and the concentration gradient model [8] (option 2). The results illustrated in Figure 9 show that there is an obvious difference between the results obtained using these two options. At 300.15 K, the results using option 1 are always lower than those using option 2 [8] . At 331.15 K, the results using option 1 are lower at 6.10 MPa and higher at the other two pressures compared to the results using option 2. This work shows that it is important to consider the non-ideality of the systems in order to obtain reliable results.
Predicted densities of CO 2 -dissolved brines
The densities of CO 2 -disolved brines at different times for Tests 1 to 6 were predicted with the chemical potential gradient model (option 1) and are shown in Figure 10 . The densities of the CO 2 -disolved brine increase with the CO 2 dissolution in brines, and this observation agrees with those from the literature [6, 8, 18] . As the pressure decay resulted from the dissolution of CO 2 in the brine, the densities of the CO 2 -disolved brines increase with decreasing CO 2 pressure. The results in Figure 10 also show the greater effects of temperature on the densities of the CO 2 -disolved brine than those of the initial CO 2 pressure. The results using the concentration gradient model (option 2) are also illustrated in Figure 10 for comparison. Again, differences between the results using the two options are observed. For Test 1 the density of the CO 2 -disolved brines with option 1 is higher at 23 s but lower at 662 s than the results with option 2. For Test 2 at 31 and 546 s, the density of the CO 2 -disolved brines using option 1 is lower than those using option 2. For Test 3, the comparison results are similar to those for Test 2, while for Tests 4 and 5, the comparison results are similar to that of Test 1. For Test 6, the density of the CO 2 -disolved brines in option 1 is always higher than those using option 2.
Conclusions
The mass transfer of CO 2 in brines at elevated pressures was investigated by means of a chemical potential gradient model based on non-equilibrium thermodynamics, in which SAFT1-RPM EoS was used to calculate the fugacity coefficients of aqueous CO 2 in brines, and the effective diffusion coefficients were obtained from the iterative calculation based on the experimental kinetic data. The density profile was then predicted by the model. The following conclusions can be drawn:
(1) The interfacial concentration of aqueous CO 2 increases with increasing pressure and decreasing temperature. The interfacial densities of CO 2 -saturated brines increase with increasing pressure and decreasing temperature, and the effect of pressure on density was below 0.1%.
(2) With increasing pressure the effective diffusion coefficients decrease initially and then increase, with a good fitting of the effective diffusion coefficient in terms of pressure by a polynomial.
(3) Considerably different aqueous CO 2 concentration profiles were obtained with the chemical potential gradient model compared to the concentration gradient model, which shows the importance of considering the non-ideality of the systems in order to obtain reliable results.
